Introduction
Titanium dioxide (TiO 2 ) is one of the best known wide band gap semiconductors with many unique properties like excellent photo activity, long-term stability, low cost and non-toxicity, which make it become the most common uses for photo catalytic material. A number of experimental and theoretical studies indicate that TiO 2 has many polymorphs, such as rutile (P42/mnm), anatase (I41/amd) and brookite (Pbca) [1] [2] [3] . However, lots of researches focus on titanium dioxide, but the discussions of other titanium oxides are less. In this paper, the elastic properties and their anisotropies of Ti x O y (TiO, TiO 2 , Ti 2 O 3 , Ti 3 O, Ti 3 O 5 ) are investigated, which is significant to the practical application of titanium oxide.
Calculation Methods and Theory

Calculation parameter and model
The crystal structure of five titanium oxides (TiO TiO 2 Ti 2 O 3 Ti 3 O Ti 3 O 5 ) are shown in Figure 1 . The first principles calculation based on DFT [4] was used with the aid of the CASTEP [5] program. The exchange and correlation potentials were Perdew-Burke-Ernzerhof method based on generalized gradient approximation (GGA) [6] . The crystal wave function was expanded by the plane wave basis set, and the interaction potential for ion core and valence electron was determined based on the ultrasoft pseudopotential [7] . 
Elastic properties and their anisotropies
To calculate the bulk modulus and shear modulus, we refer to the models of Voigt and Reuss, respectively. The bulk modulus and shear modulus for monoclinic structure are given by [8] :
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Based on extreme value principle, Hill [9] has proved that Voigt's and Reuss's models are the upper and lower limits of the elastic constant, respectively. The arithmetic mean Voigt-Reuss-Hill (VRH) value is closer to the experimental result. ,
Using Hill's value of bulk modulus and shear modulus, the Young's modulus and Poisson's ratio for each material under polycrystalline system were obtained: ,
To conduct quantitative research on the anisotropy of a single crystal, we calculated the universal anisotropic index A U [10] which describes the anisotropy of elasticity for single crystals.
Here A U =0 refers to a locally isotropic single crystal. Any departure from zero corresponds to a degree of elastic anisotropy possessed by the crystal. 
Structural parameters
We used GGA method obtained the structural parameters of the five Ti x O y , and the results of geometric parameters after optimization list in Table 1 
Elastic properties and their anisotropies
Elastic constants characterize the reaction of crystal lattice to external stress within the elastic limit. Table 2 shows the elastic constants and elastic modulus of these five titanium oxides.
Some parameters for polycrystals, bulk modulus B, shear modulus G, Young's modulus E, Pugh modulus ratio G/B, and Poisson's ratio are listed in Table 2 . According to Pugh's criterion [11] , materials with Pugh modulus ratio G/B > 0.57 show brittleness, whereas materials with G/B< 0.57 show ductility. The results of G/B in Table 2 Table 2 shows that the atomic binding force of the former materials are central force. TiO possesses the highest Ȟ (0.330), suggesting that it has the weakest stability among the five titanium oxides within the process of resisting shear deformation. Figure 2 . The formulas are as follow [12] :
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